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Glacier surfaces are not only composed of ice or snow but are heterogeneousmixtures of different materials. The
occurrence and dynamics of light-absorbing impurities affect ice surface characteristics and strongly inﬂuence
glacier melt processes. However, our understanding of the spatial distribution of impurities and their impact
on ice surface characteristics and the glacier's energy budget is still limited. We use imaging spectroscopy in
combination with in-situ experiments to assess the composition of ice surface materials and their respective
impact on surface albedo and glacier melt rates. Spectroscopy data were acquired in August 2013 using
the Airborne Prism EXperiment (APEX) imaging spectrometer and were used to map the abundances of six
predominant surface materials on Glacier de la Plaine Morte, Swiss Alps. A pixel-based classiﬁcation revealed
that about 10% of the ice surface is covered with snow, water or debris. The remaining 90% of the surface can
be divided into three types of glacier ice, namely ~7% dirty ice, ~43% pure ice and ~39% bright ice. Spatially
distributed spectral albedo derived from APEX reﬂectance data in combination with in-situ multi-angular
spectroscopic measurements was used to analyse albedo patterns present on the glacier surface. About 85% of
all pixels exhibit a low albedo between 0.1 and 0.4 (mean albedo 0.29 ± 0.12), indicating that Glacier de la Plaine
Morte is covered with a signiﬁcant amount of light-absorbing impurities, resulting in a strong ice-albedo feedback
during the ablation season. Using a pixel-based albedomap instead of a constant albedo for ice (0.34) as input for a
mass balancemodel revealed that the glacier-wide total ablation remained similar (10% difference). However, the
large local variations in mass balance can only be reproduced using the pixel-based albedo derived from APEX,
emphasizing the need to quantify spatial albedo differences as an important input for glaciermass balancemodels.
1. Introduction
Glaciers surfaces are neither clean nor homogeneous. In fact, glacier
surfaces are heterogeneous mosaics of different materials and struc-
tures (e.g. Cuffey & Paterson, 2010; Oerlemans, 2001). The darkening
of glacier surfaces is a phenomenon observed in various regions across
the globe, for example in the European Alps (e.g. Oerlemans, Giesen, &
Van Den Broeke, 2009), the Himalayas (Takeuchi, 2001), or on the
Greenland ice sheet (Dumont et al., 2014). The existence of materials
that are darker compared to actual bare-ice surfaces has a large impact
on ablation, eventually enhancing glacier melt. This feedback becomes
particularly important in the context of climate change and strong
glacier retreat, since it hampers our capability to project the future of
glacier ice worldwide (e.g. Flanner, Zender, Randerson, & Rasch, 2007;
Painter, Bryant, & McKenzie Skiles, 2012; Xu et al., 2009).
Recent studies have shown that light-absorbing impurities,
e.g. mineral dust, soot, black carbon, or other organic matter, are crucial
in deﬁning melt rates of snow and ice and inﬂuence processes across a
large range of temporal and spatial scales (Alexander et al., 2014;
Oerlemans et al., 2009; Pedersen, Berntsen, Gerland, & Warren, 2010).
In most cases, a decrease in surface reﬂectance due to impurities
increases the light absorbance causing enhanced snow and ice melt
and therefore represents a positive feedback.
Several research activities have been carried out to investigate
the feedback between ice and snow melt and light absorbance.
Organisms living on snow and ice surfaces, for example, have received
considerable attention while focusing on their distribution, biological
activities, as well as their morphodynamics (Hodson et al., 2010;
Wharton, McKay, Simmons, & Parker, 1985). Further, in-situ sampling
and remote sensing was used to study cryoconite (Langford, Hodson,
Banwart, & Bøggild, 2010; Takeuchi, 2002a), glacier facies (Klein
& Isacks, 1999; Nolin & Payne, 2007; Pope & Rees, 2014), and
debris composition on glacier surfaces (Casey, 2011). Yet other studies
apply time-lapse imaging and automatic weather stations to monitor
cryoconite or albedo locally (Irvine-Fynn, Bridge, & Hodson, 2011;
Oerlemans & Knap, 1998). Especially in snow science, remote sensing
techniques revealed important and essential information about snow
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coverage, snow properties such as grain size or liquid water content,
and snow albedo (Dozier, Green, Nolin, & Painter, 2009; Joerg,
Weyermann, Morsdorf, Zemp, & Schaepman, 2015; Nolin & Dozier,
2000; Painter, Seidel, Bryant, McKenzie Skiles, & Rittger, 2013; Painter
et al., 2009).
Despite the various research lines and efforts related to snow, little is
yet known about similar aspects considering bare ice that appears in the
ablation area of glaciers after the melting of winter snow. This limits
current process understanding since impurities and surface albedo are
two factors crucially determining ice ablation. Bare-ice surfaces repre-
sent a large, and – in times of warmer and longer summers – growing
fraction of all ice masses worldwide, thus increasingly provoking the
ice-albedo feedback.
Compared to snow, bare-ice surfaces tend to bemore heterogeneous
across spatial scales, complicating the characterization of surface
properties and quantitative assessments of light-absorbing impurities.
Furthermore, liquidwater present on glacier surfaces is able to efﬁciently
reallocate and transport impurities, adding a temporal component to the
complexity of respective assessments (Chandler, Alcock, Wadham,
Mackie, & Telling, 2014). Concerning the ability to determine ice surface
albedo, various factors such as surface roughness, presence of water,
crystal size, anisotropic effects, and many others have a large inﬂuence
(e.g. Cuffey & Paterson, 2010) and thus challenge the retrieval of ice sur-
face albedo. Existing satellite-based approaches to distinguish glacier-
wide albedo values (Dumont et al., 2012; Knap, Reijmer, & Oerlemans,
1999; Paul, Machguth, & Kääb, 2005) typically suffer from a scaling
mismatch since sampling distances (pixel sizes) are much coarser than
albedo variability of the ice surface (e.g. Azzoni et al., 2014).
The global importance of rapid and ongoing glacier melt requires
dedicated research focusing on the dynamics and underlying processes
of bare-ice surface albedo changes. In particular the divergence between
typical spatio-temporal length scales of melting processes and state-of-
the-art remote sensing or in-situ ﬁeld sampling demands more suitable
and interdisciplinary methodologies. In this paper we demonstrate the
applicability of a combined approach using observations and models
to improve current knowledge about the temporal and spatial distribu-
tion of light-absorbing impurities on bare-ice surfaces and to assess their
impact on glacier albedo and the energy andmass balance of glaciers. In
particular, we use in-situ and airborne spectroscopy data and a high-
resolution orthoimage (i) to map the distribution of different glacier
surface materials and (ii) retrieve a glacier-wide spectral albedo map.
Furthermore,we apply amass balancemodel to (iii) evaluate the impact
of glacier surface albedo on calculated mass balance distribution.
2. Study site and data
2.1. Study site
Glacier de la Plaine Morte (46°23′N, 7°30′E) is the largest plateau
glacier in the European Alps covering an area of 7.52 km2 in 2013. The
glacier is located on the main water divide between the Rhine and the
Rhone River in the Bernese Alps, western Switzerland (Fig. 1). The
Fig. 1.Glacier de la PlaineMorte and its locationwithin Switzerland (upper left inset). The location of various in-situmeasurements of the past years aremarkedwith different symbols and
colours. The insets show the ablation stake clusters (for more explanations see Section 2.6). The blue line delineates the glacier outline in 2013 and the blue polygons represent three
supraglacial lakes in 2010. Coordinates refer to the Swiss national grid (CH1903).
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glacier is characterized by a very narrow altitudinal range, with 90% of
the glacier surface between 2650 and 2800 m above sea level (a.s.l.).
This results in an average slope of less than 4° over the ~5 km wide
plateau. During the last years, the entire glacier was snow-free by
mid-August, i.e. the equilibrium line was above the glacier, indicating
a strongly negative mass balance and causing a signiﬁcant ice-albedo
feedback. Based on a ground-penetrating radar survey, amean ice thick-
ness of 104 m, a maximum ice thickness of 226 ± 18 m, and a glacier
volume of 0.82 ± 0.1 km3 was obtained for the year 2011 (Huss,
Voinesco, & Hoelzle, 2013). Towards the north, a small glacier tongue,
the Rezligletscher, forms the only active outlet ﬂow feature compared
to the rest of the glacier where ice ﬂow is very limited. Hence, surface
crevasses are rare. However, large circular cryocarst depressions and
long supraglacial meltwater streams leading to temporally stable
moulins are typical for Glacier de la Plaine Morte. Dye tracing experi-
ments showed that most meltwater drains along the glacier bed to the
north and reappears at the tongue of Rezligletscher. However, a signiﬁ-
cant fraction of the surface melt from the western part of the glacier
enters the karstic system connected to the Rhone Valley through sub-
surface conduits crossing the main surface water divide (Finger et al.,
2013). Furthermore, three glacier marginal lakes around Glacier de la
Plaine Morte are observed since several years (Fig. 1). All lakes form
on impermeable sediments and are dammed by the ice on one side,
making them potentially instable. All lakes gain in volume from year
to year, resulting in noticeable subglacial drainage events (Huss et al.,
2013).
Field surveys revealed that besides different types of glacier ice,
snow, water and debris are the predominant materials present on the
surface of Glacier de la Plaine Morte during the ablation season. Since
2002, the equilibrium line altitude was constantly above the highest
point of the glacier. This results in limited snow-covered areas and
thus only very small accumulation areas if at all.Water ismainly present
in supraglacial streams, ponds and lakes but also all over the glacier
surface as water ﬁlm on blue ice, in cryoconite holes, and as intrinsic
part of wet snow or wet debris. However, liquid water contained in
these mixtures is not relevant for this study. Debris is characterized by
aggregations of mineralogical and organic material; the exact composi-
tion of these debris piles is however unknown. Besides these three non-
ice materials, we distinguish between three different types of ice, being
aware of the smooth transition between them and other possible strat-
iﬁcations. The brightest ice type is named bright ice and characterized by
its rather brittle surface, large crystals andvoidsﬁlledwith air (similar to
“white ice” in Pope & Rees, 2014). In contrast, dirty ice represents an ice
surface that is covered byﬁneparticles leading to a considerable darken-
ing of the surface (similar to “debris ice” and “very debris ice” in Pope &
Rees, 2014). In between these two extreme ice types, we identiﬁed a
type termed ice that consists of blue-greyish, solid ice with very little
or no impurities and only a thin water ﬁlm if at all. A photograph typical
for each surface type is presented in Appendix A (Fig. A1).
2.2. Airborne spectroscopy
Spectral data of the glacier was acquired during two overﬂights with
the Airborne Prism EXperiment (APEX) imaging spectrometer on
August 31st 2013 between 10:15 a.m. and 10:24 a.m. Central
European Summer Time (CEST) under cloud-free conditions. The ﬂying
altitude of 4000 m above ground level (a.g.l.) in combination with an
instantaneous ﬁeld of view (FOV) of 0.0025° resulted in a surface
projected pixel resolution of ~2 m. APEX is a dispersive pushbroom
imaging spectrometer, covering the spectral wavelength range between
400–2500 nm in 313 narrow continuous spectral bands (Schaepman
et al., 2015). Radiometric and spectral calibration of measured raw
signals was done using the APEX Processing and Archiving Facility
(PAF), allowing us to convert raw data streams into calibrated level 1
at-sensor radiances (Hueni, Lenhard, Baumgartner, & Schaepman,
2013; Jehle et al., 2010). Calibrated radiances were subsequently
orthorectiﬁed using the Parametric Geocorrection (PARGE) software
(Schläpfer & Richter, 2002) and a combined atmospheric/topographic
correction was applied using the ATCOR-4 software to obtain
Hemispherical-Conical-Reﬂectance Factor (HCRF) data (Richter &
Schläpfer, 2002). ATCOR-4 approximates atmospheric absorption and
scattering effects using the atmospheric radiative transfer model
MODTRAN-5 (Berk et al., 2005). Required model input parameters
describing the atmospheric status during overﬂight were set to values
derived fromprior information. Aerosol optical thickness or atmospheric
water vapour was retrieved from the image data itself. Aerosol particle
size and distribution were approximated using MODTRAN-5 predeﬁned
parametrization schemes (e.g. mid latitude summer with a rural atmo-
sphere). Reﬂectance anisotropy causes angular variations of surface
HCRF and leads to radiometric differences depending on view angle as
well as in the overlapping region of both ﬂight lines. Both ﬂight lines
were therefore corrected to minimize anisotropy effects using the
Rogge, Bachmann, Rivard, and Feng (2012) approach. Finally, the ﬁght
lines were mosaicked for subsequent analysis.
2.3. FieldSpec spectroscopy
Nadir and directional in-situ radiometric measurements of pure
surface materials were obtained using an ASD FieldSpec Pro (Analysis
Spectral Device, Boulder, USA) ﬁeld spectrometer to compile a site-
speciﬁc spectral library for validation purposes, to facilitate a surface
classiﬁcation (cf. Section 3.1), and to retrieve maps of spectral surface
albedo from the airborne data (cf. Section 3.2). The ﬁeld spectrometer
measures in the spectral range between 350–2500 nm, has a spectral
sampling interval of 1.4 nm (350–1000 nm) and 2 nm (1000–
2500 nm), and a full width half maximum of 3 nm at 700 nm and
10 nm at 1400 nm (Analytical Spectral Devices, I., 2014). Nadir radio-
metric measurements were taken ± two hours around the airborne
overpasses (i.e., 09:00 a.m. to 01:00 p.m. CEST) under clear-sky condi-
tions, while directional measurements were acquired in August 2014
under comparable conditions.
One or a few locations were selected for what was determined to be
the area's representative surface type. Nadir radiance measurements
were collected with a bare ﬁbre optic ~1 m above the surface yielding
in a circular sampled surface area of ~40 cm in diameter. Incident light
was quantiﬁed before and after targetmeasurements using a Spectralon
reference panel, allowing us to obtain surface HCRF data. Additionally,
directional measurements of respective materials were taken one year
later. At each reference site we measured angles ranging from 0°, 30°,
60°,−30° and−60°, both in the solar principal plane and perpendicu-
lar to it, enabling us to quantify surface speciﬁc reﬂectance anisotropy of
the different materials. Likewise to the measurements described above,
a Spectralon reference panel was used to quantify irradiance and to
eventually calculate HCRF values.
2.4. High resolution orthoimage and digital surface model
A high-resolution orthoimage (0.25 × 0.25m pixel size) provided by
Swisstopo was available for this study. The imagewas taken on the 21st
of August 2013, ten days before the APEX overﬂight. During this earlier
acquisition date, a slightly larger snow cover was present on the glacier
surface. Despite the minor difference in snow coverage between both
acquisition dates, the orthoimage represents a rather unchanged glacier
surface as compared to the APEX over ﬂight and is therefore an optimal
dataset to validate the results obtained from APEX data. From the
orthoimage, we also delineated a contemporary glacier outline, which
was used as glacier mask for all analyses.
We used a digital elevation model at 25 m spatial resolution
(DHM25) (Swisstopo, 2005) to calculate the spectral albedo map and
as input to the mass balance model.
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2.5. In-situ surface albedo measurements
During the ablation season 2014, in-situ albedomeasurements were
acquired using a Kipp & Zonen CM7B albedometer (λ=305–2800 nm)
mounted on a tripod to ensure readings parallel to the surface plane.
Along three proﬁles, 27 individual points were measured three to six
times between 3rd of July and 14th of September 2014. The height of
the albedometer above the glacier surface was set to ~1 m and the
sensor was pointing south-wards. The footprint of the albedometer is
theoretically inﬁnite since it has a hemispherical FOV of 180°. However,
50% of the signal originates within a FOV of 90° (Cescatti et al., 2012).
Therefore, considering the setup used for this study, the effective
footprint is about 3.1 m2, which corresponds to the pixel size of APEX.
All measurements were acquired within three hours of local solar
noon and the present cloud coverwas noted. Furthermore, albedometer
measurements were complemented with meta data such as actual
surface types and photographs to facilitate the interpretation of
measured surface albedo values.
2.6. Glacier mass balance measurements
Seasonal mass balance measurements are carried out on Glacier de
la Plaine Morte since 2009 based on the direct glaciological method.
Summer balance is monitored using a network of at least four ablation
stakes (Fig. 1) surveyed two to four times over the ablation season.
The observed small overall variation of ablation justiﬁes the limited
number of measurement sites to capture spatial ablation patterns.
Winter balance is based on 100–200 probings (depending on the survey
year) distributed over the entire glacier surface (Fig. 1). To determine
the snow density, one or two snow pits are dug during the measure-
ment campaign in spring (Huss et al., 2013).
The inﬂuence of “bright” and “dark” surface ice types on glacier melt
is evaluated using two ablation stake clusterswith twelve and ten stakes,
respectively. The 22 stakes were each 2 m long and placed in the ice
using a steam drill on August 16th 2013 just after the disappearance of
the last winter snow (Fig. 1). The ablation stake clusters were surveyed
several times throughout the ablation season until October 2nd 2013.
3. Methods
3.1. Glacier surface classiﬁcation and estimation of pixel abundances
We applied the spectral angle mapper (SAM) classiﬁcation
algorithm (Kruse et al., 1993) to determine the distribution and pixel
abundance of six predominant surface materials present on the glacier
surface, i.e., debris, dirty ice, water, ice, bright ice and snow (cf.
Section 2.1). These materials largely differ in their spectral albedo and
hence critically impact any model-based calculations of glacier mass
balance. The SAM compares reference spectral signatures, also termed
endmembers, with image spectra by treating them as vectors in an
n-dimensional data space. The agreement of endmember and image
spectra is quantiﬁed as spectral angle α with
α ¼ cos−1
Xnb
i¼1tiriXnb
i¼1ti
2
 1
2 Xnb
i¼1ri
2
 1
2
0
BB@
1
CCA; ð1Þ
where nb is the number of bands, t is the target spectrum and r the
endmember spectrum (Kruse et al., 1993). The classiﬁcation itself is
based on a user-deﬁned threshold ofα, whileα itself can be interpreted
as a value quantifying the similarity between endmember and target
spectra (Bell, Breitler Bowen, & Martini, 2010). The smaller the angle
α, the more similar are the two compared spectra (Exelis Visual
Information Solutions, 2013). An important advantage of the SAM is
that it does not take the length of the vector into account, which
corresponds to the signal intensity. This makes the SAM rather insensi-
tive to remaining topographical effects in HCRF data after the atmo-
spheric compensation (Aspinall, Marcus, & Boardman, 2002).
The spectral library used for the SAM analysis is built using
endmember spectra extracted from APEX data. We used the high-
resolution orthoimage to identify ten pure pixels per surface type based
on expert knowledge and ﬁeld visits. Co-registration between
orthoimages and APEX data was better than one APEX pixel in x and y
directions (±2 m), allowing us to uniquely identify pure pixels with
high ﬁdelity. Following pure pixel selection, all ten spectra representing
one endmember were averaged into one representative endmember
spectrum (cf. Fig. 2 and Appendix A, Fig. A2). The SAM algorithm was
only applied to the glacierized area of the image scene using the glacier
mask of 2013.
3.2. Estimation of spatially distributed spectral albedo
Spectral albedo was approximated from HCRF data considering the
wavelength range from 400 to 2500 nm. Since reﬂectance anisotropy
causes differences between HCRF and BHR (Bi-Hemispherical Reﬂec-
tance) that is usually named albedo (Schaepman-Strub, Schaepman,
Painter, Dangel, & Martonchik, 2006), we used in-situ directional mea-
surements to obtain coefﬁcients for correcting differences between
HCRF and BHR data. The correction coefﬁcients were calculated for
each viewing angle considering almost the entire hemisphere and
were represented in a surface-speciﬁc polar plot (cf. Fig. 2 and
Appendix A, Fig. A3). Directional in-situ measurements of surface
HCRF were obtained in and perpendicular to the solar principle plane
considering a view zenith angle range of ± 60° (cf. Section 2.3,
Appendix A, Fig. A4).MissingHCRF values of the polar plotwere linearly
interpolated (HCRFpp). A reference BHR of a certain surfacewas approx-
imated by integrating the HCRFpp values of the entire hemisphere as
BHR ¼
Z2π
0
Zπ=2
0
HCRFpp θvi ;φvi ;2π
 
; ð2Þ
where θv is the view zenith angle and φv is the view azimuth angle. To
calculate a correction factor speciﬁc to a certain view angle,wemultiplied
the correspondingHCRFpp valuewithπ to obtain a view angle speciﬁc ap-
parent BHR (BHRa) and determined the correction factor (c) as ratio be-
tween the true BHR and the angular speciﬁc BHRa as
c θv;φvð Þ ¼
BHRa θv;φvð Þ
BHR
ð3Þ
while
BHRa θv;φvð Þ ¼ HCRF θv;φvð Þ  π; ð4Þ
To extract the exact pixel-wise correction factor from the polar plot,
we used the ﬂight heading information to deﬁne the view azimuth
angle and calculated an effective view zenith angle (VZAeff) considering
the sensor view angle and the surface orientation as
cos VZAeffð Þ ¼ cosθv cosθn þ sinθs sinθn cos φs−φnð Þ; ð5Þ
while θn is the normal zenith angle (slope) andφn is the normal azimuth
angle (aspect), both obtained form a digital elevation model.
3.3. Mass balance model
We used a spatially distributed glacier mass balance model (25 ×
25 m resolution) calibrated to the in-situ measurements to extrapolate
the ablation and accumulation point measurements over the glacier
surface. The model allows the determination of seasonal glacier volume
changes in water equivalent (w.e.). A detailed description of the used
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model is given in Huss, Bauder, and Funk (2009) and Huss, Zemp, Joerg,
and Salzmann (2014). Themodel components relevant to our study are
brieﬂy summarized hereafter.
Daily mean air temperature, global radiation and precipitation sums
used to force the model are recorded at an automatic weather station
at Montana (8 km from the study site, 1508 m a.s.l.). The elevation
difference between the station inMontana and the glacier is considered
using monthly lapse rates derived from surrounding stations. Similarly,
a correction factor allows the adjustment of precipitation sums to
accumulation as observed on the glacier. A temperature threshold is
implemented to distinguish between solid and liquid precipitation.
The energy available for snow or ice melt QM is calculated based on a
simpliﬁed energy balance formulation proposed by Oerlemans (2001) as
QM ¼ 1−α x; y; tð Þð Þ  G x; y; tð Þ þ k0 þ k1T; ð6Þ
where α(x, y, t) is the local surface albedo at day t and grid cell (x,y) and
G(x, y, t) is the global incoming shortwave radiation inWm−2. k0 and k1
are constant parameters that, in sum with the air temperature T, deﬁne
the longwave radiation balance and the turbulent heat exchange linear-
ized around the melting point (Machguth, Paul, Hoelzle, & Haeberli,
2006; Oerlemans, 2001).
Surface albedo is either considered to be constant or can be deﬁned
for each cell individually based on a spatialmap. The temporal evolution
of the snow albedo is modelled using a snow ageing function according
to Oerlemans & Knap, 1998.
4. Results
4.1. Abundance of glacier surface materials
Spectral angles derived from SAM indicate the similarity between
pixel and endmember spectra andwere used to quantify the abundance
of the six different surface materials per individual pixel (Fig. 3). We
deﬁned thresholds to distinguish between high (α b 0.025), medium
(0.025 b α b 0.05), and low (0.05 b α b 0.1) abundances. For pixels
with values above the highest threshold (α N 0.1) the materials were
categorized as not present. Only for the two endmembers debris and
water the thresholds had to be slightly adjusted, to 0.05, 0.1 and 0.15.
While debris, water and snow are spatially concentrated, the three ice
types exhibit a dispersed abundance pattern.
Whereas the endmember debris is only present in two distinct areas
in the western part of the glacier and along the border close to the
surrounding periglacial rock and debris, dirty ice shows a low abun-
dance in almost the entire western half of the glacier. However, two
distinct areaswithmedium tohigh abundances of dirty ice can be distin-
guished at the same location as debris. A highly concentrated abundance
pattern is visible for the endmember water. Except for some single
pixels, it is only present in the area of a supraglacial lake (cf. inset in
Fig. 3c). Snow shows a high occurrence on the north-facing slopes as
well as in some smaller areas along the border of the glacier (avalanche
deposits). A low abundance of snow can also be found in the centre of
the eastern part and in very small concentrated areas in the western
half of the glacier. The endmember ice exhibits medium to high abun-
dances over almost the entire glacier surface. Exceptions are areas
where snow or dirty ice have medium to high abundances. Similar to
ice, bright ice shows a dispersed pattern of low to high abundances.
However, the two endmembers ice and bright ice occur almost
everywhere on the glacier and display a contrasting pattern, i.e. high
abundances of ice correspond with low abundances of bright ice (Fig. 3).
Table 1 shows the distribution of the three abundance classes (low,
medium, high) per endmember. Considering the total off all abundance
classes, ice and bright ice are most frequent (78.6% and 82.3%), whereas
dirty ice occurs on less than half of the glacier surface (41.1%). In
contrast, the three spatially concentrated endmembers debris, water
and snow have small overall total abundances with 2.3%, 0.02% and
12.9%, respectively. While ice, bright ice and snow exhibit equally distrib-
uted values between the three classes, the endmember dirty ice and
debris are almost only represented with low abundances. The maximum
value in the abundance class high is found for the endmember ice (12.6%)
followed by bright ice (9.1%) and snow (3.2%). These are the endmember
that are mapped most explicitly, compared to debris, dirty ice andwater.
4.2. Surface classiﬁcation
Six glacier surface materials were classiﬁed to determine the most
dominant materials on a pixel basis (Fig. 4), although a mixture of
these materials is likely to occur within one pixel (cf. Fig. 3). For the
Fig. 2. Overview of six average endmember spectra extracted from the APEX scene (1)-(6). Polar plot of view angle speciﬁc correction coefﬁcients, the dark dot indicates the position of the
sun; and directional in-situ HCRF measurements taken in the solar principal plane and perpendicular to it, for debris (i) and snow (ii).
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classiﬁcation no ﬁxed spectral angle threshold was used. Instead an
endmember was assigned to a pixel if its SAM angle was smallest,
i.e. the pixels spectrumwasmost similar to the spectrum of this speciﬁc
material compared to other endmembers. Water and debris were the
least abundantmaterials with 0.4% and 2.0% coverage of the total glacier
surface, respectively. The two endmembers dirty ice and snow (6.8% and
8.3% coverage) occur more often but are still much less frequent than
bright ice and icewith a coverage of 38.9% and 43.6% (Table 1).
Similar to the abundance pattern shown in Fig. 3, pixels were
classiﬁed as snow along the border of the glacier, most prominently on
the south-side. Furthermore, an avalanche cone is visible at the north-
eastern glacier margin. Likewise, debris pixels were mostly classiﬁed
below rocky slopes surrounding the glacier. However, debris can also
be found along supraglacial meltwater streams, most prominently in
the conﬂuence zone of several channels in the western part east of the
dirty ice area (cf. Fig. 5). Dirty ice is classiﬁed in two large areas in the
western half of the glacier but also in smaller patches elsewhere. The
classiﬁed water pixels are in good agreement with the abundance
pattern shown in Fig. 3 as well, as only a very limited amount of pixels
was attributed to the endmember water (cf. Fig. 5). Moreover, the
areas along the south side of the glacier aremost likelywrongly classiﬁed
as these are in the shadow and should therefore not be attributed to the
endmemberwater. The twomost dominantly represented endmembers
are obviously ice and bright ice. Whereas ice is predominant in the
northern area of the Rezligletscher tongue, bright icewasmost frequently
classiﬁed in the western parts and in the dome-shaped area to the east.
The classiﬁcation adequately displays the pattern of the six predom-
inant surface materials. Even small-scale features such as moulins,
supraglacial streams and lakes are revealed. To illustrate this, two
examples are shown in Fig. 5: An about 40 m long supraglacial lake
was present during image acquisition (Fig. 5a) and is also clearly visible
in the high-resolution orthoimage (Fig. 5b). The SAM classiﬁcation
successfully detected the lake (Fig. 5c), although we found confusion
with the underlying ice classes. This mis-classiﬁcations demonstrates
the difﬁculty of detecting shallow water over bright surfaces or mixed
pixels at the border of the water body if using spectral properties only
since a minimum water depth is required (e.g. Fitzpatrick et al., 2014;
Table 1
Distribution of abundance classes per endmember in percent. The bottom line “classiﬁed”
shows the proportion of each endmember in the classiﬁcation image (Fig. 4).
Abundance Debris Dirty ice Water Ice Bright ice Snow
High 0.0 0.0 0.00 12.6 9.1 3.2
Medium 0.4 1.4 0.00 29.6 30.6 2.1
Low 1.9 39.7 0.02 36.5 42.6 7.7
Not present 97.7 58.9 99.98 21.4 17.7 87.1
Classiﬁed 2.0 6.8 0.4 43.6 38.9 8.3
Fig. 3. Abundance maps of six different materials: (a) debris, (b) dirty ice, (c) water, (d) ice, (e) bright ice and (f) snow. The inset in (c) shows a zoom-in of a supraglacial lake.
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Legleiter, Tedesco, Smith, Behar, & Overstreet, 2014). The second
example, the conﬂuence zone of several supraglacial channels, is a
small-scale feature that consists of a ﬂat areawith debris piles, meltwater
streams anddifferent types of ice in between them(Fig. 5d, e). This rather
dark, very heterogeneous area is clearly visible in the high-resolution
orthoimage (Fig. 5f). Fig. 5g shows the corresponding area in the SAM
classiﬁcation. The amount of debris classiﬁed is rather large and can
be questioned; however details such as a small snowbank are well
represented, highlighting the level of accuracy of the classiﬁcation as
well as the ability to reproduce the heterogeneity of different materials
present on the glacier surface.
A confusion matrix (Foody, 2002) was calculated (Table 2) to
quantitatively validate the APEX-based SAM classiﬁcation. Based on
the high-resolution orthoimage 100 points were manually classiﬁed.
Fig. 5. Supraglacial lake and stream conﬂuencewith debris piles shown as pictures (a),(d),(e); as imaged by the high-resolution orthoimager (b),(f); and in the classiﬁed APEX image (c),(g).
Fig. 4. Glacier surface classiﬁcation of the six predominant materials: debris, dirty ice, water, ice, bright ice and snow.
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We selected 15–23 reference points for the endmembers debris, snow,
bright ice, dirty ice and ice and only seven for endmemberwater because
of its small abundance across the glacier. The validation revealed an
overall classiﬁcation accuracy of 72% and a kappa coefﬁcient (Cohen,
1960) of 0.86. The two endmembers debris and snow were classiﬁed
with very high accuracies of 87% and 100% respectively. A medium to
high accuracy of 65% was found for the endmembers dirty ice and ice.
The lowest accuracies were calculated for bright ice and waterwith 56%
and 57% respectively. Largest confusion was found for bright ice and ice,
which can be explained by the difﬁculty to distinguish between them
even during manual classiﬁcation and their gradual transition in nature.
Furthermore, the shallow water showed relatively large confusion with
ice and bright ice since the APEX sensor basically looks through the
water and is likely to detect the material underneath (Fig. 5a, c). The de-
gree of agreement can be stated excellent, according to the notation by
Monserud and Leemans (1992).
4.3. Glacier surface albedo
A spectral albedomap (λ=400–2500nm) of the glacier surfacewas
computed based on APEX HCRF data (cf. Section 3.2), revealing a mean
albedo value of 0.29 ± 0.12 for Glacier de la Plaine Morte (Fig. 6). This
average value agrees well with the recommended albedo values for
clean ice (0.35) and debris-rich ice (0.20) according to Cuffey and
Paterson (2010). For few small and concentrated snow-covered areas
high albedo values were computed. Furthermore, in shadowed areas
along the southern border of the glacier, unrealistic albedo values
close to zero were derived.
The partitioning of all albedo values into 10 classes (Fig. 7) indicated
that the majority of all pixels (85%) had an albedo between 0.1 and 0.4.
Another 8% of the glacier surface showed an albedo between 0.4 and0.5.
Albedo values smaller than 0.1 or greater than 0.5 were attributed to
only about 6% of the pixels.
We used 27 individual in-situ point albedo measurements taken on
6th and 28th of August 2014 to assess the accuracy of the computed
absolute albedo values. We are aware of the one-year time discrepancy
between these two data sets, however no APEX overﬂight was possible
due to adverse weather in summer 2014. As shown in Fig. 8, the albedo
values derived from APEX HCRF data (cf. Section 3.2) agree well with
the albedo values measured in-situ. Moreover, the spatial pattern
along each proﬁle is highly similar except for a few single points,
where the in-situ albedo values are larger. This disagreement can be
explained by the presence of winter snow on 6th of August 2014
at these speciﬁc locations. The root-mean-square error (RMSE) is
0.076, which is small considering the range of albedo values along the
proﬁles (0.1 to 0.4) and that the two datasets are from different years.
Evaluating the albedo retrieval for snow-covered areas was difﬁcult
since no corresponding measurements are available for the time of
APEX overﬂights. We instead compared in-situ point albedo measure-
ments obtained on 3rd of July 2014 of the still fully snow-covered
glacier to the snow albedo values derived from APEX HCRF data on
31th of August 2013. The comparability might be difﬁcult since the
measurements are not co-located and because of snow ageing effects.
Nevertheless, the mean albedo for snow-covered areas derived from
the APEX HCRF (0.57± 0.12) agrees well with the in-situmeasured av-
erage snow albedo of 0.49.
Uncertainties related to the measurement setup, i.e. size of the
albedometer footprint compared to the APEX pixel size, are estimated
by calculating standard deviations for 3 × 3 pixels surrounding the
27 in-situ measured points. The average standard deviation of 0.02
indicates that these uncertainties are negligible.
Fig. 6. Glacier surface albedo derived from APEX HCRF data.
Table 2
Confusionmatrix of the SAMresults and ground truth data listed as percentage classiﬁcation
accuracy.
Ground truth
[Sample size]
Classiﬁed
Bright ice Debris Dirty ice Ice Snow Water
Bright ice [18] 56 0 0 39 6 0
Debris [15] 0 87 0 7 7 0
Dirty ice [20] 5 15 65 15 0 0
Ice [23] 30 0 0 65 4 0
Snow [17] 0 0 0 0 100 0
Water [7] 14 0 0 29 0 57
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4.4. Distributed mass balance modelling
State-of-the-art glacier mass balance models often simplify the
representation of surface albedo due to a lack of input data. Spatially,
albedo values are typically assumed as constant for the calculation of
glacier surface mass balances (Gabbi, Carenzo, Pellicciotti, Bauder, &
Funk, 2014; Machguth et al., 2006; Nemec, Huybrechts, Rybak, &
Oerlemans, 2009; Pellicciotti et al., 2005). However, albedo is known
to be a crucial parameter for glacier ablation (e.g. Jonsell, Hock, &
Holmgren, 2003; Klok & Oerlemans, 2004). We therefore tested the
impact of using spatially distributed albedo maps (Fig. 6) compared to
a constant albedo value for predicting spatial variations in bare-ice
melting. We applied the mass balance model described in Section 3.3
and calculated the surface mass balance using the spatially distributed
ice albedo map in a ﬁrst model run. It must be noted that the model is
tuned to match the point measurements of accumulation and ablation
(Fig. 1). For the second model run, a constant albedo value of 0.34
(following Oerlemans & Knap, 1998) was used for glacier ice while all
other parameters were kept constant. Differences between calculated
mass balances thus directly indicate the local relevance of knowing ice
albedo distribution for calculations of glacier melt rates. Fig. 9a and b
illustrates the results of both model runs.
In general, overall glacier mass balances were found to be similar for
both model runs, but slightly stronger melt (+0.12 m w.e.) occurred
while using the spatially distributed albedo map. We further tested
the sensitivity of the mass balance of Glacier de la Plaine Morte with
respect to albedo by using constant ice albedo values of 0.20 (“debris-
rich ice” following Cuffey & Paterson, 2010) and 0.29 (mean albedo
value calculated based on APEX HCRF data cf. Section 4.3). This experi-
ment revealed that lowering the constant ice albedo value by 0.05 and
0.14 increases the overall glacier mass loss by 10% and 27% for the
year 2013, respectively. A difference map (Fig. 9c) indicates that there
are large areas with no signiﬁcant changes in ablation compared
to the model run relying on a ﬁxed albedo. However, large negative
differences in calculated mass balance occur for other parts of the
glacier, such as two areas in the western section of the glacier and the
glacier tongue. In both areas, the ice surface is strongly contaminated
with light-absorbing impurities (cf. Fig. 4) and/or covered by a thin
water ﬁlm. Another area with negative differences of modelled albedo
is located in the south-east of the glacier, where a supraglacial lake
deposits ﬁne sediment every spring (cf. Fig. 1). Slightly positive
differences occur in areas of the glacier where the spatially distributed
albedo map shows greater albedo values than the ﬁxed ice albedo
(cf. Section 3.3 and Fig. 6).
The inﬂuence of spatially distributed albedo maps on calculated
meanmass balance is also clearly visible for the two ablation stake clus-
ters (Figs. 10 and cf. Section 2.6).We observed a considerable difference
in measured ice melt between the two plots of about 0.15 m w.e. over
the time period of 48 days, but the mass balance model relying on a
ﬁxed albedo (model run 2) only shows minor differences for the two
sites. In contrast, model run 1 employing the albedo map allowed qual-
itatively reproducing the considerable ablation difference, emphasizing
the importance of spatial ice surface albedo variations and their impact
on glacier mass balance.
5. Discussion
5.1. Mapping of glacier surface materials
We found the SAM algorithm capable to distinguish different
materials present on a glacier surface, which is consistent with studies
in other research ﬁelds (e.g. Bell et al., 2010; Petropoulos, Vadrevu,
Xanthopoulos, Karantounias, & Scholze, 2010). The high spatial and
spectral resolution of the APEX sensor enables a clear distinction
between surface materials that have subtle spectral contrasts, e.g. ice
and bright ice. However, a successful application of the SAM algorithm
crucially depends on the choice of endmembers and requires expert
knowledge on the local situation. Furthermore, the conversion of SAM
spectral angles to abundance values relies on a proper understanding
of actual surface compositions obtainable from ﬁeld observations. The
acquisition of ﬁeld data is a laborious task and can only be reasonably
realized if the site is well accessible.
The SAM algorithm is parameterized with so-called endmembers.
These reference spectra can be either derived from the image itself or
measured in-situ. Image endmembers have the disadvantage of not
being pure but they are directly comparable to other image pixels
since acquired and processed under the same conditions. In contrast,
in-situ endmember spectra fulﬁl more the requirement to be spectrally
pure but might not be representative for various reasons: The glacier
surface is characterized by a great heterogeneity of various materials,
which is hard to capture with direct measurements. Scaling issues
Fig. 8.Comparison of APEXderived albedo (purple triangles) and in-situ albedomeasurements (green & blue dots) takenwith a Kipp& Zonen CM7B, along three different proﬁles including
27 individual points. See Fig. 1 for location of the proﬁles.
Fig. 7. Distribution of glacier surface albedo values.
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between ﬁeld and airborne data or small temporal differences in data
acquisition likely cause additional uncertainties when combining
image and ﬁeld spectra. We hence decided to work with image
endmembers in this study. Nevertheless, our in-situ measured spectral
library provided important information during the data analysis and
facilitated distinguishing the predominant materials and served as a
valuable data set to evaluate the reliability of selected image endmember.
Concerning the deﬁnition of predominant materials present on
glacier surfaces, one has to consider the discrepancy of scale and purity
between materials resolvable from airborne imaging spectrometer
data, from in-situ observations andmaterials exiting in reality. For glacier
surfaces the presence ofwater is highly important, albeit extremely com-
plex. It is therefore indispensable to clearly deﬁne endmembers to ac-
count for the fuzzy transitions of materials such as water, which can be
an endmember itself but is also part of other endmembers, e.g. in snow
orwet debris. Furthermore, it should be noted that the SAM-based abun-
dance maps and surface classiﬁcations are approximations and might
also representmaterial mixtures found on the glacier surface. In the con-
text of our study it would be beneﬁcial to develop approaches that are
able to deal with a continuous degree of dirtiness instead of discrete sur-
face classiﬁcation. Such approaches would also allow improving the re-
trieval of spectral albedo values by combining and weighting the
anisotropy effects estimated for pure classes at a sub-pixel base.
5.2. Estimation of glacier surface albedo
Broadband albedo, i.e. the albedo comprising the entire solar spec-
trum, is needed for mass balance calculations or other glaciological
applications (Knap et al., 1999). This is nearly achieved in our study
due to the large spectral range covered by APEX. We thus consider the
derived spectral albedo map as representative for broadband albedo.
The actual albedo values computed from APEX HCRF data are in good
agreement with other mean albedo values of glacier ice as reported in
literature. Gabbi et al. (2014), for example, measured a mean ice albedo
of 0.24 ± 0.06 for Rhonegletscher, Switzerland, in 2011, Oerlemans
and Knap (1998) found an albedo of 0.35 for August 1996 on
Morteratschgletscher, Switzerland, and Takeuchi (2002b) determined a
mean surface albedo of 0.32 for the ablation area of Gulkana Glacier,
Alaska, in 2000. Paul et al. (2005) derived minimum ice albedo values of
between 0.1 and 0.2 ± 0.05 in the ablation areas of ﬁve Swiss glaciers,
includingGlacier de la PlaineMorte. Themean albedo of 0.29±0.12 com-
puted in the present assessment agreeswell with the above studies but is
signiﬁcantly higher than the value foundby Paul et al. (2005) for the same
glacier. This difference can be attributed to the fact that Paul and others
used Landsat Thematic Mapper images from 2003, while in 2003 the gla-
cier was characterized by extreme glacier melt and the presence of melt
water on the bare-ice surface. Further, applied methodologies differed,
Fig. 9.Modelled surface mass balance: (a) model run 1 with spatially distributed albedo values for ice (cf. Fig. 6) and (b) model run 2 with constant albedo value for ice. (c) Difference
between the two individual model runs, emphasizing regions where glacier surface albedo has a large inﬂuence on calculated mass balance.
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e.g. consideration of BRDF effects, usage of satellite versus airborne versus
in-situ data, also contributing to observed difference between our albedo
values and the one reported in Paul et al. (2005).
From APEX measurements one can obtain HCRF values while the
retrieval of albedo requires BHR values. The conversion form HCRF in
BRF values relies on an exact characterization of the reﬂectance anisotro-
py of individual materials and their mixtures present on the glacier sur-
face. However, measuring reﬂectance anisotropy effects is difﬁcult both
logistically and due to their change over time. In this study, we used
directional in-situ data to make the link between HCRF and BHR values
(cf. Sections 2.3 and 3.2) and our results indicate that this strategy is rea-
sonable to obtain ﬁrst results. However, the representativeness of used
directional data is limited since only a few predominant surface types
could be measured. Moreover, this approach requires ﬁeld visits and
expert knowledge on the local occurrence of materials on the glacier sur-
face and is hence rather expensive.Multi-angular data at a regular tempo-
ral base, e.g. satellite-based imaging spectroscopy data from e.g. PROBA-1
on-board CHRIS would therefore be an optimal additional dataset.
Amain advantage of ourmethod is the ability to deal with discretely
classiﬁed anisotropies for each pixel individually. Likely, improvements
may be achievedwhenusing a continual changing anisotropy (from for-
ward to backward scattering), taking into account material dependent
scattering abundances within pixels. In combination with assessing the
impact of scatteringproperties of surfacematerials onglaciermass balance
modelling, thiswouldmake an interesting experiment requiring amore
sophisticated cause-effect analysis than possible with the present data.
5.3. Impact of albedo on glacier mass balance modelling
The availability of a distributed spectral albedo map allows evaluat-
ing the impact of spatial albedo variability on the calculation of glacier
mass balance distribution. Comparing the modelled and observed
mass balance at the four measurement sites (Fig. 1) reveals an RMSE
of 0.13 m w.e.. In contrast, using a constant ice albedo value of 0.34,
0.20 and 0.29 resulted in an RMSE of 0.25, 0.21 and 0.18mw.e., respec-
tively. This indicates that the ability of the model to reproduce the
observed melt pattern is maximal if the pixel-based albedo is used
and decreases with increasing deviations of the prescribed albedo value
from the measured average. Furthermore, Fig. 9c shows regions with
under- or overestimated mass balances, demonstrating a larger spatial
variability of the mass balance usually not reproduced by models (cf.
Fig. 9b). The improvedperformance ofmass balancemodels using spatial-
ly distributed albedo maps is particularly important for very contrasting
surfaces such as in the area of the two ablation stake clusters (cf. Fig. 10).
Modelled annual mass balances according to the two model runs
only differ by 0.12 m w.e. (10%), indicating that the literature-based
ﬁxed albedo value of 0.34 is a fairly well representation for the variety
of albedo values present on the glacier surface. However, similarly to
Paul et al. (2005), we could demonstrate that glacier surface albedo
mostly impacts on the small-scale distribution of glacier mass balance.
Hence, it is suggested to incorporate spatial pattern of glacier surface al-
bedo in glacier mass balancemodels, especially if glaciers with complex
and/or diverse surface characteristics are investigated.
6. Conclusions
We demonstrated the applicability and potential of imaging spec-
troscopy in the ﬁeld of glaciology. Based on a combined use of in-situ
and airborne imaging spectroscopy data, we retrieved a glacier surface
inventory comprising quantitative and spatially distributed abundance
information for six predominant materials present on Glacier de la
Plaine Morte. The high information content of used APEX spectroscopy
data was essential to differentiate the various surface materials, in
particular the different material sub-types that are characterized by
only subtle spectral contrasts. The surface inventory was an inevitable
input to derive a spectral albedo map. Observed small-scale spatial
variations in spectral albedo demonstrate the heterogeneity of glacier
surfaces and indicate the need for more detailed analysis and suitable
observational approaches such as imaging spectroscopy.
We foundameanalbedoof 0.29±0.12 for the entire glacier, but some
areas showed considerably lower albedo values, highlighting the large
variability in glacier surface albedo patterns. The ingestion of the spatial
explicit spectral albedo map into a state-of-the-art mass balance model
revealednotable spatial variations inmodelledmass balances that strong-
ly depend on the local albedo. While the simpliﬁed assumption of a con-
stant albedo resulted in a similar overall mass balance for Glacier de la
Plaine Morte in 2013, the lack of detailed and spatially explicit surface
albedo values hinders reproducing the strong spatial variations in glacier
ablation.Moreover, the performance of themass balancemodel increased
signiﬁcantly using the spatially distributed albedo data set; model runs
relying on a constant albedo revealed uncertainties of 38–93%.
Our results contribute to the understanding of spatial variation in ice
surface albedo and allow detecting the occurrence, composition, distribu-
tion, and impact of light-absorbing impurities on glacier surfaces using
both in-situ and remote sensing data. Related to global atmospheric
warming, observing and assessing the changes in ice surface albedo is cru-
cial. Albedo is one of the most important factors in the energy balance of
glaciers and the ice-albedo feedbackmight signiﬁcantly accelerate glacier
retreat worldwide. Therefore, more insights into the processes driving
albedo variations in time and space are urgently needed in order to
improvemodels for quantifying future icemelt at the local to global scale.
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Appendix A
Fig. A2. Average spectra (n = 10) of the six predominant materials found on Glacier de la Plaine Morte extracted from the APEX scene.
Fig. A1. Photos of the six predominant materials found on Glacier de la Plaine Morte and used as endmembers in all analysis.
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Fig. A3. 2D representation of the BRDF plots (polar plot) for the six predominant materials found on Glacier de la Plaine Morte. Reﬂectance values are indicated as grey values; contour
lines are overlaid in black. The proﬁle from left to right corresponds to the solar principle plain (W–E), the proﬁle from bottom to top the perpendicular proﬁle (S–N). The grey
circles represent different view zenith angles in 15° steps from 0–60°. The white crosses mark the position of APEX observations in the polar plots. The dark dot indicates the position
of the sun.
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